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. In mice hypomorph for Otx2 we reported visual deficits, retinal physiological dysfunction and ageand OTX2-dependent degeneration of the retina (Bernard et al., 2014) . In adult mice, knock down of Otx2 in RPE results in photoreceptor death demonstrating that continued expression of OTX2 in RPE is necessary for photoreceptor survival (Housset et al., 2013) . Exogenous OTX2 protects adult retinal galnglion cells (RGCs) against NMDA-induced excitotoxicity and preserves visual acuity (Torero- Ibad et al., 2011) .
The capacity of homeoproteins (HPs) to transfer between cells allows different types of activities. Homeoproteins can act within the cells that produce them, thus in a cell autonomous fashion, but they can also exert their activity extracellularly or by transferring to cells that do or do not produce them, i.e., non-cell autonomously. Two separate sequences necessary and sufficient for HP cell exit and entry are in the DNA-binding homeodomain (for review see Di Nardo, 2018) . A simple genetic approach cannot therefore be used to study their direct noncell autonomous activity, as mutation of either sequence alters OTX2 DNA binding and thus also alters cell-autonomous activities. An alternative genetic approach was used to specifically target extracellular OTX2 in order to only abolish non-cell autonomous activity. Conditional mice have been designed to express a neutralizing secreted anti-OTX2 single chain antibody (scFvOTX2 tg/o mice) in a Cre-dependent manner (Bernard 2016) . In the retina parvalbumin (PV) is only expressed by RGCs and amacrine cells that do not express Otx2. Thus it is OTX2 non-cell autonomous activity regulates inner retinal function 6 anticipated that in PV Cre ::scFvOTX2 tg/o mice, OTX2-scFv expressed and secreted from RGCs and amacrine cells will sequester extracellular OTX2 in the vicinity of the producing cells, thus blocking its non-cell autonomous activities. This strategy based on anti-HP scFv in vivo secretion has been used with success in several animal models to neutralize extracellular PAX6, ENGRAILED and OTX2 (Lesaffre et al., 2007; Wizenmann et al., 2009; Layalle et al., 2011; Bernard et al., 2016) .
We show here that the sequestration of extracellular OTX2 by the OTX2-scFv secreted by 
Methods and materials
Production of transgenic mice. scFvOTX2 tg/o and scFvPAX6 tg/o mice were produced by the Institut Clinique de la Souris (Strasbourg, France) as described (Bernard et al., 2016) . The mice were crossed with PV Cre mice obtained from Jackson Labs (stock n°8069).
Immunoprecipitation and Western blot. Immunoprecipitation and Western blotting were carried out as described (Bernard 2016 were used at 1:50 dilution.
Visual acuity. The optomotor test of visual acuity was used to screen for possible phenotype differences. Postnatal day (P) 30 mice were used since it was thought that this age would allow sufficient time for scFv expression and secretion. The optomotor test was performed as described in the literature with an optotype of 0.375 c/deg known to elicit robust responses (Torero-Ibad et al., 2011; Bernard et al., 2014) . Briefly, mice were placed on an elevated platform centered in a rotating drum and a square wave 100% contrast optotype of 0.375 c/deg was rotated at a speed of 2 rpm. Mice were filmed from above and scored in real time by two observers blind to genotype for head turns in the direction and speed of the moving grating.
Any discrepancies between the two observers' real time score was resolved by analyzing the video. A Mann-Whitney U test was used to compare the genotypes due to unequal variances.
Retinal histology. Eyes were removed and placed in 4% PFA, 2% ZnCl and 20% isopropyl alcohol (Bernard, 2014 France) was used to dilate the iris and the cornea was locally anesthetized with oxybuprocaine hydrochloride. Gold electrodes were placed in contact with each eye, reference electrodes were placed subcutaneously in the submandibular area, and a ground electrode was placed subcutaneously on the back of the animal. ERG was performed with a mobile apparatus (SIEM Bio-Medical, France) with LED lamps in a Ganzfeld chamber controlled by the VisioSystem software. ERG recordings were obtained from seven PV Cre and nine PV-Cre::OTX2-scFv mice 30-31 days of age. The right and left eye of each mouse was considered to be independent. Mann-Whitney U test was used to evaluate the difference between genotypes for 20Hz flickers.
Statistical table
Data structure Type of test Power Because the antibody is fused with GFP (Bernard et al., 2016) , we immunoprecipitated the OTX2-scFv protein from PV Cre ::scFvOTX2 tg/o retina using an anti-GFP antibody followed by Western blot analysis. We detected a doublet at the expected 78kD molecular weight, that was not present in extracts from retina of PV Cre control mice (arrow Fig 1B) . In situ hybridization ( Fig 1C) revealed PV-expressing cells in the inner retina in the reported location of PVcontaining cells (Haverkamp and Wässle, 2000) . In PV Cre ::scFvOTX2 tg/o retina each PVexpressing cell also expressed mRNA for the scFv in PV-expressing cells as expected ( Fig   1D) . This demonstrates the expression of the transgene in PV cells and the presence of fulllength OTX2-scFv protein in the retina of PV Cre ::scFvOTX2 tg/o mice.
One-month-old mice were tested for visual acuity by examining their optokinetic response to a 100% contrast optotype square wave grating of 0.375 c/deg spatial frequency. Bernard et al (2014) reported that this spatial frequency stimulates an optimal response and the number of head movements in response to this optotype is sensitive to changes in visual acuity due to loss of RGCs (Torero- Ibad et al., 2011) . A significant reduction in visual performance in the PV Cre ::scFvOTX2 tg/o mice was observed compared to PV Cre littermates (Fig 2) . As an additional control, we also evaluated PV Cre ::scFvPAX6 tg/o mice. PAX6 homeoprotein is reported to also have non-cell autonomous activities (De Lullo et al., 2011; Kaddour et al., 2019) , and these mice showed no visual acuity loss. These results demonstrate that neutralizing extracellular OTX2 in the retina leads to decreased visual acuity.
In search of a cellular correlate, we analyzed retinal structure by hematoxilin and eosin (bipolar cells), rhodopsin (rod photoreceptors) and red/green opsin (long/medium wavelength cone photoreceptors) ( Fig. 4) . A small increase in Lim1 expression by horizontal cells was observed which might reflect a non-cell autonomous repressor activity of OTX2 on Lim1 expression (Nakano et al., 2000; Puelles et al., 2006) . Thus, based on these markers, histological studies and cell counting, it can be concluded that all cell types involved in retinal visual processing are present in normal numbers.
To determine if there was a functional defect in photoreceptors and/or bipolar cells we turned to ERG. The negative a-wave reflects photoreceptor hyperpolarization in response to light.
The amplitude is related to photoreceptor number and the implicit time to photoreceptor physiology (Lamb and Pugh, 2004; Hood and Birch, 1992 ; see Weymouth and Vingrys, 2007 for review). Figure 5A ,B shows representative scotopic traces for retinas from PV Cre ::scFvOTX2 tg/o and PV Cre mice. A-and b-wave implicit times and amplitudes were plotted against log intensity (Fig 5C-F PV Cre littermates indicates normal number and function of rod photoreceptors ( Fig. 5 and 7) . (Fig 6) . Interestingly, the PV Cre ::scFvOTX2 tg/o mice showed a significant 2-
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13 fold increase in amplitude in the response to 20Hz flickers, suggesting inner retinal dysfunction (Fig. 8 ) at the level of amacrine cells and/or RGCs.
Discussion
OTX2 homeoprotein is part of the HP family of transcription factors that transfer between cells and have neuroprotective effects in the brain (Sugiyama et al., 2008; Torero-Ibad et al., 2011; Rekaik et al., 2015; see DiNardo et al, 2018 for review). We were interested in assessing the importance of the direct non-cell autonomous activity of OTX2 in the retina since the Otx2 locus is silent in cells of the GCL, yet they contain OTX2 protein (Rath et al., 2007; Sugiyama et al., 2008) .. Since the amino acid sequences for OTX2 to exit and enter cells lie in the DNA binding homeodomain, mutations in these sequences might alter DNA binding and thus cell autonomous activity. Bernard et al., (2016) used a genetic approach to neutralize extracellular OTX2 by expressing a secreted anti-OTX2 single chain antibody.
Here, we used this approach to drive expression of the OTX2-scFv in cells which do not themselves produce OTX2, thus eliminating a putative cell autonomous effect of the antibody.
PV is reported to be in AII amacrines in rats, cats, bats and rabbits (Lee et al., 2004) . In the mouse, direct immunofluorescence showed low PV expression in amacrines and displaced amacrines and strong PV expression in RGCs (Haverkamp and Wässle, 2000) . A more sensitive transgenic approach using the PV promoter to drive expression of enhanced GFP (Haverkamp et al., 2009 ) confirmed this expression pattern and showed that PV was expressed in some amacrines in the INL with notably strong expression in RGCs (Haverkamp et al., 2009 ). Kim and Jeon (2006) and later Yi et al., (2012) using single cell iontophoresis and retrograde tracing followed by PV localization showed that at least eight different RGC types express PV. Thus, we anticipated widespread expression of the scFv throughout the GCL and inner INL. It is interesting to note that the ISH results showed scFv expression in fewer cells than expected, but it was sufficient to neurtralize extracellular OTX2 and cause functional and vision changes.
Parvalbumin starts to be expressed in RGCs around P11, after the birth of all retinal cell types (Cepko et al., 1996; Young, 1985) . Thus, it is expected that interference with OTX2 non-cell autonomous activity starting at the earliest at P11 would have no effect in establishing the normal layers and structure of the retina, as we observe. It was reported that in Otx2 hypomorph mice, in which both cell autonomous and non-cell autonomous phenotypes can be expected, there were fewer photoreceptors at P30, but those that were present have normal awave implicit time (Bernard et al., 2014) . In PV Cre ::scFvOTX2 tg/o mice, the presence of normal numbers of OTX2-expressing photoreceptors and bipolar cells and their normal ERG a-wave and b-wave activity, respectively, confirms that OTX2 cell autonomous activity in these cells is not affected by expression of the secreted OTX2-scFv. It further suggests that OTX2 noncell autonomous activity on these cells does not contribute measurably to their survival and function, at least at one month of age.
It is notable that we observed no changes in retinal structure or organization in the that the brain circuits for this response are entirely subcortical (Douglas et al., 2005) . The basic circuit for the optokinetic response is retinal projection to the nucleus of the optic tract that sends input to the reticular tegmental nucleus of the pons with output going to the vestibular nucleus driving the oculomotor nucleus (Wada et al., 2014) . None of these structures are known to express OTX2 and only the vestibular nucleus has PV cells. Thus, the only structure in the basic circuit that has both PV and OTX2 expression is the retina.
We propose that the loss of non-cell autonomous signaling OTX2 induces inner retinal physiological dysfunction as suggested by the altered flickers response. Flickers reflect cone pathway activity (Tanimoto et al., 2015) and the cone photoreceptor function and cone bipolar function as measured in the photopic a-and b-wave ERG is not compromised in the PV Cre ::scFvOTX2 tg/o retinas. Thus, the altered flicker responses that we observe represents a change in cone pathway activity at the level of the inner retina. Retinal Ganglion Cell dysfunction and degeneration in a model of glaucoma greatly alters the flicker response (Grozdanic et al., 2003) and the flicker ERG has been used to assess RGC function and hemodynamic changes in the mouse retina (Chou et al., 2019) . The flicker response in macaques has been shown to be largely driven by spiking inner retinal neurons since it is increased at some frequencies by TTX and NMDA (Viswanathan et al., 2002) . The same direction of change is observed in PV Cre ::scFvOTX2 tg/o mice, indicating that the decrease in OTX2 signaling alters the physiology of inner retinal neurons, amacrine cells and/or RGCs since the bipolar cell function is normal.
We propose that non-cell autonomous OTX2 signaling in the inner retina is affected without loss of RGCs or amacrine cells in the GCL in the (Sugiyama et al., 2008; Bernard et al., 2016) . The change in flicker amplitude we recorded in the PV Cre ::scFvOTX2 tg/o mouse retina may be related to a change in the excitation/inhibition of the inner retinal circuitry. It was reported that extracellular OTX2 neutralization in the retina can retard the opening of critical period plasticity in V1 cortex (Sugiyama et al. 2008) . Since visual acuity measured by the optomotor test is independent of the visual cortex, this means that OTX2 signaling in the retina has separate physiological consequences both on subcortical and cortical visual circuits.
Non-cell autonomous signaling by the homeoproteins ENGRAILED 1/2 is important for RGC axon guidance in Xenopus and chick tectum and this signaling involves stimulating ATP production and release from the RGC growth cone and subsequent activation of adenosine A1
receptor (Brunet et al., 2005; Wizenmann et al., 2009; Stettler et al., 2012) . Retinal Ganglion Cells have particularly high energy demands and energy homeostasis is critical for their function, and energy deficits are hypothesized to underlie their dysfunction and degeneration in diabetes, glaucoma and optic neuropathies (Osborn et al., 2013; Yu et al., 2013; Ito and Di Polo, 2017) . Bipolar cell degeneration in Otx2 hypomorph mice has been attributed to mitochondrial dysfunction that can be reversed by exogenous OTX2 (Bernard et al., 2014; Kim et al., 2015) . While our finding could possibly be explained by a metabolic defect, it remains to be determined if RGC mitochondrial energetics are altered in the 
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